Abstract. Environmental factors have great impact on soil moisture. Despite their great contribution to the spatial distribution and variability of soil moisture, how they changes over the scales remains poorly understood. Here we examined the contribution of eight environmental factors to the soil moisture at three scales (slope scale, small watershed scale and regional scale) on the Loess Plateau, China. Our study showed that as the scale increased from slope to regional scale, the contribution of climatic factors generally increased, whereas that of topographical factors generally decreased. Consequently, the information provided by slope position (Slpo) slowly turned to that of slope gradient (Slga), mean annual precipitation (Pma), mean annual temperature (Tma) and other climatic factors. The shifting of the information in our study could also be associated with the changes of determinant and main limiting factors among the different scales. These results suggested that the temporal and spatial variability of soil moisture as well as its dominant factors are different over time and space. They are determined by scale effect of environmental factors that influence soil moisture.
Introduction
Soil water is one of the most important resources for sustaining vegetation growth in the semiarid area of the Loess Plateau in northwestern China (Li, 1983; Lin et al., 2006) . Compared to soil nutrients, soil moisture is considered an essential factor that most frequently limits soil productivity (Arnell, 1999) . Several factors, such as soil properties, topographical factors, seasonal changes and agricultural production activities could result in uneven spatial distribution of soil moisture (Bi et al., 2009 ). Other factors, such as temperature and evaporation, may also lead to the loss of soil moisture (Bouma, 2006) . Under natural conditions, soil water has greatly spatial heterogeneity. The spatial heterogeneity has a significant impact on soil hydrological and forming processes ). Thus, it is very important to have a better knowledge of soil moisture and its distribution when evaluating current and potential capacity of soil moisture for vegetation, as well as its scale change and effect (Nijssen et al., 2010; Cai et al., 2009) .
As a major indicator of soil fertility and quality, soil moisture is a dynamic component of soil characteristics. Like other soil properties, moisture is distributed heterogeneously in soils, and the spatial variability coefficients are different in different areas and scales (ranging from slope, small watershed to regional scales). The spatial heterogeneity is caused by various factors, including topography, soil, vegetation, depth of groundwater, climate and land use (Petersen et al., 2010) . In small scale, topography and land use play more dynamic role in regulating the spatial patterns of soil moisture, since the change in topography and land use occurs more frequently than the climate change does ). But in large scale, the spatial distribution and variability of soil moisture have been found to depend mainly on climate conditions, including rainfall, temperature and evaporation (Mohanty and Skaggs, 2001 ; Seneviratne et al., 2010; Crow et al., 2005) .
In the last decade, traditional statistics, in combination with geostatistics, has been widely applied to assess the spatial heterogeneity of soil moisture and its relationships with environmental factors, especially those associated with topography and vegetation (Shorthouse and Arnell, 1999) . However, most studies on spatial distribution of soil moisture mainly were focused at catchment scale (Qiu et al., 2007) . Current information about the spatial variability of soil moisture and the effects of pertinent factors is not adequate for different scales. As a result, the prediction of regional responses to environmental changes has been limited when the scale is altered. Therefore, it is necessary to investigate soil moisture at different scales to optimize moisture management and to avoid potential unreal variation, as well as to improve the accuracy of prediction models by inputting the spatial data for regional simulation models (Zhang et al., 2008) .
Soil on the Loess Plateau is developed from the thick loess material with high water storage capacity of about 200-300 mm·m -1 on average (Wang and Yang, 2008; Duan, 2008) . The soil water in this area functions as a reservoir to support vegetation growth. This is the main reason why the ecosystem in this semiarid area has been sustained for thousands of years. However, evapotranspiration from many planted grasses of leguminous species, shrubs, and forests is beyond what the precipitation can recharge (Zhao and Li, 2007) . This negative evapotranspiration equilibrium often results in a dry soil layer, and limits further growth of many crops .
Remarkable scale changes exist in this important agricultural region of China from slope watershed scale. Clearly, the scale changes have greatly impact on soil moisture content and its spatial pattern (Li and Cai, 2005) . Through the experimental monitoring of the samples from slope, small watershed and regional scales, previous studies have found that the spatial distribution and variability of soil moisture are mainly affected by the rainfall and evaporation patterns in large scale, as well as by soil type, topography, vegetation and root structure in small scale (Hawley, 1983; Seyfried, 1998; Entin, 2000; Starks, 2003) . Thus, for environmental protection and vegetation restoration, it is important to have a clear picture of the spatial variability of soil moisture over different scales in the Loess Plateau region. However, from a large scale perspective, little information is available about the regional distribution patterns of soil moisture and how the distribution patterns are affected by environmental factors at different scale across the entire Yanhe watershed in the Loess Plateau region. Therefore, the objectives of our study were to investigate the current status and regional spatial variability of soil moisture across the entire Yanhe watershed in the Loess Plateau region, to analyze the relationships between soil moisture and selected environmental factors, and especially, the effects of scale variables, and to provide an overview of the regional distribution of soil moisture using a geostatistical method.
Study Area and Methods

Study area
The study was carried out in the Yanhe River watershed (36°23′-37°17′N, 108°45′-110°28′ E), located in northern Shaanxi Province of China. The Yanhe River is the first tributary of the Yellow River and is 287 km long with a watershed area of 7687 km 2 . The region is a semi-arid with heavy seasonal rainfall (between June and September) and has an annual precipitation of 400-550mm and mean temperature of 9℃. Its drainage density is about 4.7 km/km 2 , and the gully area accounts for 90% of the total area in the whole watershed. Most of the lands are located at 900-1500m altitude and are sharp-edged with steep or very steep slopes (40% of the slopes are deep). The soil is mainly loessial (over 90% area) according to the FAO classification system. The annual reference evapotranspiration is approximately 1000 mm. The land is mainly used as grassland and forestland with plants such as Bothriochloa ischaemun, Stipa bungeana, Artemisia sacrorum, A. giraldii Pamp, and Lespedeza davurica. Forestland accounts for 15.8% of the whole watershed with trees such as Robinia pseudoacacia, Populus Simonii and Caragana intermedia. The grassland and forestland provide protection for the local and downstream ecosystems (Li and Shao, 2003a, b) .
Scale selection and field sampling
The space scaling approach (Dooge, 1986) , albeit disputed because of the space range, was used to study the spatial variability and functions of soil moisture in the ecosystems at different scale. Three scales (slope scale, small watershed scale and regional scale (i.e. the whole Yanhe watershed) were selected (Fig. 1 ). The slope scale was replicated by 3 parallel slopes with 15-20 sampling sites on each slope. Six representative sections were selected on the small watershed scale based on fore-and-aft distance, with 25-30 sampling sites in each section. Ten representative sections were selected in the regional scale according to the rainfall and temperature gradients, with 35-40 sampling sites in each section (Table 1) . During the field sampling, the actual distances between the sampling sites was 50 to 80 m because the topography, land-uses and vegetation types within the range of vision had to be taken into account. In order to avoid duplicated sampling, samples from smaller scale were used as part of the samples for larger scale.
Soil moisture measurements were made using soil drill (4 cm in diameter) method at the end of 
Site information
For each site, information was collected for the environmental factors such as climate (temperature, rainfall and evaporation), topography (slope, aspect, slope position, and elevation) and land use (type, vegetation). Since 90% of the soil is uniformly loessial in the Yanhe watershed, the effect of soil properties was not considered. Longitude, latitude and elevation were determined by a global positioning system (GPS, eTrex venture, 5-m precision in the horizontal direction). Aspect and slope were measured with a geological compass; slope position, vegetation and land use were recorded by observation. Temperature, precipitation and evaporation data were from the meteorological records at 57 weather stations distributed over the Yanhe watershed and surrounding areas. A pline interpolation was employed to create a continuous data surface of mean annual precipitation and mean annual temperature. Then the spatial coordinates of the sampling sites were used to extract meteorological parameters for each sampling site from that the data surface (all data were provided by Meteorology Bureau of the Counties on the Loess Plateau).
Data analysis
Analysis of variance (ANOVA) of soil moisture was carried out using the SPSS11.0 software for the sites at different scales, and the descriptive parameters were determined, i.e., maximum, minimum, mean, median, standard deviation (S.D.), and coefficient of variation (C.V.). Duncan's test was used to compare means of soil variables when the results of ANOVA were significant at p < 0.05. Canonical correspondence analysis (CCA) was made with CANOCO software (version 4.5) to determine the associations between soil moisture and environmental factors, such as mean annual precipitation (Pma), mean annual temperature (Tma), mean annual evaporation (Ema), elevation (Elv), slope gradient (Slga), slope position (Slpo), slope aspect (Slas) and land use (Lu). Vegan Package in R language was used to further quantify the relationship at different scales.
Results
Descriptive statistics
In our study, soil water content was used to represent the status of soil moisture in the Loess Plateau region. Descriptive statistical parameters of soil moisture at different scales are shown in Table 2 (before the rainy season) and Table 3 (after the rainy season). The results showed that mean soil moisture contents were associated with the different scales at the soil depth between 0 and 120 cm. Soils at the small watershed scale had higher mean soil moisture contents before the rainy season compared with those at other scales at the depth of 0-20 cm (5.87%) and 20-40 cm (4.71%) ( Table 2) , whereas soils at the Yanhe watershed scale had lowest mean soil moisture content at the two soil depths. Similarly, mean soil moisture contents at the slope scale after the rainy season was greater as compared with those at other scales at the 0-20 cm (11.71%) and 20-40 cm (10.37%) soil depth (Table 2) , whereas soils at the Yanhe watershed scale had the lowest mean soil moisture contents at the two soil depths. Whether before or after the rainy season, the mean soil moisture contents were similar at the three scales in the subsoil 40-120cm below the ground. Soils at the Yanhe watershed scale had greater mean soil moisture contents compared with those at other scales at the 40-80 cm and 80-120 cm soil depths, and were not significantly different from the contents at 120-200cm soil depth. The ANOVA tests showed that the mean soil moisture contents were significant different (p<0.05) in the top soil at 0-40 cm from those at 40-200cm for all the scales (Fig. 2) . This could be attributed to the loss of soil water because of evaporation in the surface layers of soil. The ANOVA tests also showed that the effect of scales on the mean soil moisture content was significant (p<0.05) and that the mean soil moisture contents were in the order of the Yanhe watershed scale > small watershed scale > slope scale (Fig. 2) in the subsoil at 40-120cm. Unlike the subsoil at 0-120cm, there was less evaporation-related water loss at 120-200 cm depth at the three scales, resulting in similar mean soil moisture contents in the three scales. 
Correlation analysis
Pearson correlation coefficients between soil moisture and selected environmental factors are shown in Table 4 . At the slope scale, the soil moisture was significantly (p<0.05) and positively correlated with Lu, and significantly (p<0.05) and negatively related to Slga and Slop. Similarly, at the small watershed scale, the soil moisture was significantly (p<0.05) and positively correlated with Lu, and significantly (p<0.05) and negatively correlated with Slga. Different from the slope scale and small watershed scale, soil moisture at the Yanhe watershed scale was significantly (p<0.05) and positively correlated with Tma and Pma, and significantly (p<0.05) and negatively correlated with Ema and Elv. Liu and Xiao (2008) However, the correlation coefficients were not consistent within the variables or the scales. For example, topographical factors (i.e. Slga and Slpo) were significantly (p<0.05) correlated with the soil moisture only at the slope scale and small watershed scale, but not at the Yanhe watershed scale. Climatic factors (i.e. Tma, Pma and Ema) were significantly (p<0.05) correlated with the soil moisture only at the Yanhe watershed scale, but not at the slope and small watershed scales. Elevation was only significantly (p<0.05) correlated with the soil moisture at the Yanhe watershed scale. These finding indicated that scale-factors, such as topographical factors, probably play more important roles than the climatic factors in affecting the soil moisture at small scale, and that the climatic factors play more important roles than the topographical factors in affecting the soil moisture at large scale. 
Effects of the scale
Topographic and climate changes could essentially influence the water and heat balances, plant growth and land use policy, consequently impacting the quantity and spatial patterns of soil moisture. Therefore, it is necessary to know the effects of environmental factors on soil moisture at different scale. In our study, we compared contribution of environmental factors to soil moisture at different scale. The results of CCA with CANOCO tests are shown in Figures 3-5 and Tables 5-7 . At the slope scale, contribution of the main factors to the soil moisture was 88.23%. Combined contribution of the main and covariable factors to the soil moisture was 11.77% ( Figure 3 and Table  5 ). Among these environmental factors, Slpo and Lu were the dominant factors affecting the soil moisture, and their total contributions were 25.98% and 19.63%, respectively ( Figure 3 and Table  5) .
From slope to small watershed scale, contribution of the main factors to the soil moisture decreased from 88.23% to 79.05% (Figure 4 and Table 6 ). Conversely, combined contribution of the main and covariable factors increased from 11.77% to 20.95% (Figure 4 and Table 6 ). These results showed that the interaction between the factors increased gradually. Among these environmental factors, Slga played an overwhelming role in affecting the soil moisture, and its total contribution was up to 41.88% (Figure 4 and Table 6 ). On the other hand, contribution of Slpo decreased significantly from 25.98 to 4.03%; contribution of Lu decreased slightly, but not significantly from 19.63 to 17.46% between the two scales ( Figures 3, 4 and Tables 5, 6 ). Table 7 ). By contrast, pooled contribution of the main and covariable factors to the soil moisture increased to 70.89% ( Figure 5 and Table 7 ), suggesting that at this scale, the interaction between the factors is the main force affecting the soil moisture. At the Yanhe watershed scale, the total contribution of the climatic factors (Ema, Pma and Tma) was 51.14% ( Figure 5 and Table 7 ). Clearly, at this scale the climatic factors became the dominant factor to determine the soil moisture ( Figure 5 and Table 7 ). Meanwhile, contribution from the topographical factors decreased from 58.25% at the regional scale to 38.48% at the watershed scale, indicating that their importance to the soil moisture is next to that of the climate factors. Contribution of Lu decreased at the two scales from 17.46% to 10.38%, and became even less influential to the soil moisture at larger scale ( Figure 5 and Table 7 ). Figure 5 . CCA of soil water and environmental factor in the regional scale.
Discussion
Estimation of soil moisture at different scales can help identify the characteristics and mechanism of scale transformation. The results are important not only for explaining the interactions between vegetation recovery and eco-hydrological process in arid areas, but also for defining the direction and process of soil moisture along the scale (Pachepsky et al., 2003) . Scale causes the soil moisture to vary with the scale and soil depth. Soil moisture changes in surface layers have been found to be much more pronounced than in deep layers, but are not statistically different between the soils with different properties (Jiao et al., 2007) . This difference might be resulted from the interference of topsoil (0-40cm) which is vulnerable to environmental factors Along the scale, we found significant shifts in the dominant factors and their contribution to the soil moisture, particularly at the slope scale (Figures 3-5 and Tables 5-7), implying that the influence of environmental factors to the soil moisture could vary with the scales. The changes of topographical and climatic factors were more obvious than that of Lu. The influence of topographical factors generally decreased, whereas the climatic factors generally increased with increasing scale size (Figures 3-5 and Tables 5-7 ). The change supports our hypothesis that the scale has a potential influence on the impact of environmental factors. Currently, there is no agreement as how the influence of environmental factors changes with the scale size, nor about which are the determinant and main limiting factors (Wu and Liu, 2003) . At the small scale, the influence of topographical factors has been reported to increase or decrease with scale change (Qiu et al., 2000) . At the large scale, both increase (Jiao et al., 2005) and decrease (Yang and Tian, 2004 ) of the influence of meteorological factors have been reported. The reported inconsistence might be resulted from different climate conditions or the severity and characteristics of the disturbance prior to scale size. Our results showed a change of determinant and main limiting factors at different scale (Tables 5-7) . This is similar to the previous results obtained in the studies at the slope scale and small watershed scale on the Loess Plateau (Sun et al., 2005; Li and Xiao, 2006) .
At smaller scale, soil moisture has close relation with micro topography, and it has significant effects on the redistribution and the microcosmic movement of soil water. For the complex topography of the Loess Plateau, the effect is particularly significant. Our results suggested that Slga and Slpo on the Loess Plateau could be viewed as the indicators of the distribution of soil moisture. As the scale increased, the information provided by Slpo slowly turned to that by Slga, Pma, Tma and other climatic factors. The shifting of information in our study could also be attributed to role of the change of the determinant and main limiting factors between the different scales (Tables 5-7) .
The new factors along the scales could directly affect the distribution of soil moisture. In the present study, Lu played an important role in determining the heterogeneity of soil moisture, and was the dominant factor affecting the soil moisture at the small watershed scale. As the scale increased, its contribution and importance reduced gradually (Table 5-7) . This is because the characteristics of a process for a scale or scales exist. Lu has performed a non-stationary process over the scales (Tables 5-7) . However, the stationarity and nonstationarity are interdependent on scale (Li and Cai, 2005) . When analyzed at the slope scale, the climatic factors are a non-stationary process, but they gradually become stationary process when the scale is expanded to the Yanhe watershed level (Beven, 2000) .
Conclusions
In summary, the determinant and main limiting factors of soil moisture could change over the scales on the Loess Plateau. At the small scale, topographical factors contained more information than climatic factors, while the influence of climatic and topographical factors increased and decreased with increasing scale size, respectively. These results support our hypothesis that the temporal and spatial variability of soil moisture as well as its dominant factors are different with time and space. They are determined by scale effect of environmental factors that influence soil moisture.
